Hyperglycemia
Introduction
Diabetes mellitus (DM) is a metabolic disease that occurs due to a malfunction in insulin sensitivity or secretion. DM is a critical disease that affects quality of life in modern society, and its prevalence has recently increased globally. 1 DM leads to many diseases, also called diabetic complications, including diabetic retinopathy, diabetic neuropathy, and diabetic foot ulcers. 2 Additionally, the development of microvascular and macrovascular complications is induced by chronic hyperglycemia in patients with DM. 3 In particular, delayed wound healing is one of the most serious diabetic complications. 4 Several research studies have demonstrated that wound healing is delayed by hyperglycemia during DM. [5] [6] [7] A skin wound is a common occurrence in human life and results in the activation of protective wound healing mechanisms. 8 The loss of this critical protective function exposes our body to microbial infections. Poor wound healing may result in serious infections requiring amputations in patients with chronic diabetic foot ulcers. 9 Therefore, it is important to improve the process of wound healing by treating the wound appropriately.
Aster koraiensis, also known as Korean starwort, was first described by Nakai Takenoshin in 1909. It is a widely cultivated perennial plant native to Korea and belongs to the Asteraceae (Compositae) family. 10 Traditionally, A. koraiensis extract (AKE) has been used as an herbal medication for chronic bronchitis, pneumonia, and pertussis. 11 In a previous study, we found that the AKE improved diabetic complications such as diabetic retinopathy. 10 Several studies have reported that skin wound healing is impaired and delayed in hyperglycemia. 4, 5, 12 However, the effect of AKE on hyperglycemia-induced impaired wound healing has not been investigated and the mechanisms underlying these effects remain unknown. Therefore, in this study, we investigated whether AKE improves hyperglycemia-induced delayed wound healing via increased keratinocyte migration and inhibition of skin tissue degradation.
Methods

Preparation of A. koraiensis extract and standard solution
In 2011, aerial parts of A. koraiensis were purchased from Gongju, Republic of Korea. The preparation of AKE was performed according to a previously reported method. 11 Briefly, 2.5 kg of dried and ground A. koraiensis was extracted with EtOH (3.2 L) by maceration for 3 days. AKE was stored in a deep freezer at −70 • C. The resultant AKE was characterized using chlorogenic acid (Sigma, MO, USA) and 3,5-di-O-caffeoylquinic acid (Sigma, MO, USA) as reference compounds using highperformance liquid chromatography (HPLC) as described in our previous study. 10 A voucher specimen (KIOM-83A) has been deposited in the herbarium of the Korea Institute of Oriental Medicine, Republic of Korea.
Animals
Seven-week-old male Sprague Dawley (SD) rats were purchased from Orient Bio (Seoul, Republic of Korea). All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Korea Institute of Oriental Medicine (Daejeon, South Korea; IACUC approval no. 13-060). Rats were divided into three groups: (1) normal group, (2) DM group, and (3) AKE-treated group (100 mg/kg of body weight, p.o.). To induce DM (as defined by the presence of a blood glucose concentration greater than 300 mg/dL), 75 mg/kg of streptozotocin (STZ, Sigma Aldrich, St. Louis, MO) was administered intraperitoneally. Age-matched normal SD rats were administered saline. Eighteen days after STZ injection, a wound was produced on the back of each rat and then AKE extract was administered orally once daily for 18 days.
Wound area measurement
The wound area was photographed daily for 18 days, and these images were used to measure wound size. The size of the wound area was captured and analyzed using a microscope (Olympus, Tokyo, Japan).
Hematoxylin and eosin staining
Skin tissue was dissected and used for histopathologic evaluation. Samples were fixed in neutral 10% formalin solution for 24 hours at room temperature, dehydrated in ethanol, cleared in xylene, and embedded in paraffin. Hematoxylin and eosin-stained paraffin sections were obtained for histological examination. Paraffin section images were observed under an optical microscope.
Immunohistochemistry
Dissected skin tissue samples were fixed, dehydrated, cleared, and paraffin-embedded as mentioned previously. Resultant samples were incubated with anti-MMP-9 antibody (1:500; Abcam, Cambridge, UK) overnight and then stained with DAB staining solution. Counterstaining was performed using hematoxylin. All samples were then observed under a microscope.
Cell culture
Human keratinocytes (HaCaT) were obtained from Huons Co. Ltd, (Gyeonggi-do, Korea) and maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), at 37 • C in a 5% CO 2 incubator. Cells were treated with AKE (3 g/mL, 10 g/mL, 30 g/mL, or 100 g/mL) under hyperglycemic conditions (200mM glucose in media).
Migration assay
Keratinocyte migration assays were performed as an in vitro assessment of wound healing. Keratinocytes were grown in Culture-Insert 2 Well apparatuses (Ibidi, Martinsried, Germany). After removing the Culture-Insert, cells were treated with AKE (3 g/mL, 10 g/mL, 30 g/mL, or 100 g/mL) under hyperglycemic conditions (200mM glucose in media). After 10 hours of treatment, cell migration into wound areas was captured and analyzed using a microscope (Olympus, Tokyo, Japan).
Gelatin zymography
Gelatin zymography was performed by modifying procedures described previously. 13 Media were collected eight hours after AKE treatment and added to 4X non-reducing sample buffer. The samples were then loaded on a zymogram gel (Invitrogen, Carlsbad, CA, USA) and analyzed for degradation of gelatin. Next, the zymogram gels were rinsed for 30 minutes in a renaturing buffer (Invitrogen) at room temperature with gentle agitation, followed by rinsing for 30 minutes in a development buffer (Invitrogen) at room temperature with gentle agitation. Thereafter, development buffer was replaced with fresh development buffer and zymogram gels were incubated for 16-18 hours at 37 • C. After incubation, MMP-9 activity was visualized using a GelDoc TM imager (Bio-Rad, Hercules, CA) after staining with a Colloidal Blue Staining Kit (Invitrogen).
Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA) followed by multiple comparison tests for comparisons between three or more groups. Additionally, we utilized Student t-test to compare between two groups. All statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad, San Diego, CA, USA). p-values less than 0.01 or 0.05 were considered statistically significant.
Results
The effect of AKE on in vivo wound healing in DM
To investigate the effect of AKE on wound healing in vivo, we performed a wound healing assay using wounded AKEtreated rats (100 mg/kg, p.o.). Normal rats naturally healed by 14 days after wound induction while diabetic rats healed slowly. The wound area in the AKE-treated rats after 14 days was similar in size to those of the normal rats (Fig. 1A) . As shown in Fig. 1B , wound healing in normal rats increased in a time-dependent manner. On the other hand, wounds in diabetic rats healed slower than in the normal rats. However, wounds in AKE-treated rats healed faster than in untreated diabetic rats. At 14 days after wound induction, wound healing extent in AKE-treated rats (80 ± 6.4%) was similar to normal rats (83 ± 2.8%), whereas diabetic rats did not exhibit any healing (4 ± 7.3%).
The effect of AKE on in vitro wound healing under hyperglycemic conditions
To investigate the effect of AKE on wound healing in vitro, we performed a migration assay in HaCaT cells (keratinocytes). As shown in Fig. 2A , keratinocytes subjected to hyperglycemic conditions (200mM glucose) migrated slowly relative to cells under normal conditions (control). We also observed that the AKE treatment increased keratinocyte migration relative to vehicle-treated cells under hyperglycemic conditions. Migration area change was significantly reduced under hyperglycemic conditions (13 ± 2.6%) compared with control cells (46 ± 3.8%). AKE administration at 30 g/mL (21 ± 1.5%) and 100 g/mL (21 ± 0.6%) doses significantly reversed the hyperglycemia-induced decrease in cell migration (Fig. 2B) . 
The effect of AKE on in vivo thickness of skin tissue in diabetes mellitus rats
To investigate whether AKE protected against DM-induced skin tissue disruption in DM, we performed immunohistochemistry using paraffin skin sections. Skin thickness was measured using hematoxylin and eosin staining. Skin layers were disrupted in diabetic rats (52 ± 9.0 m) compared to normal rats (202 ± 15.1 m), and this disruption was significantly reversed in AKE-treated rats (82 ± 4.9 m) (Fig. 3). 
The effect of AKE on in vivo MMP-2/9 expression in diabetes mellitus rats
To examine the involvement of MMP-2/9 in wound healing during DM, we determined the MMP-2/9 density in skin sections. As shown in Fig. 4A , the expression of MMP-2/9 was increased in diabetic rats compared to normal rats, and the MMP-2/9 expression in AKE-treated rats was decreased relative to diabetic rats. MMP-2 expression density in diabetic rats (4.3 ± 1.3) was significantly increased compared to that in normal (1.1 ± 0.2) rats, with AKE administration lowering skin MMP-2 expression (1.3 ± 0.3) (Fig. 4B) . Similar to MMP-2, MMP-9 density in diabetic rats (6.1 ± 0.8) was significantly increased compared with normal (3.3 ± 0.7) rats, and AKE administration lowered skin MMP-9 expression (2.3 ± 0.4) (Fig. 4C) . Representative photographs of MMP-2/9 expression (Red) in skin tissue. MMP-2 and MMP-9 were stained with DAB. Quantitative analysis of MMP-2 (B) and MMP-9 (C) expression in skin tissue. Data are expressed as mean ± SEM. * =p < 0.05 vs. Normal, # =p < 0.05, or ## = p < 0.01 vs. Diabetes Mellitus (DM). MMP-2/9 activity was observed after 8 h incubation under hyperglycemic conditions, in the presence of AKE (100 g/mL) or Vehicle. Quantitative analysis of MMP-2 (D) and MMP-9 (E) activity is expressed as mean ± SEM, * =p < 0.05 vs. Control (CTL). # =p < 0.05 vs. Vehicle (Veh) (n = 4).
The effect of AKE on MMP-2/9 activity in hyperglycemia
To determine the effect of AKE on MMP-2/9 activity, we performed gelatin zymography in keratinocytes. The quantitative values of active MMP-2 activity under hyperglycemic conditions (190 ± 19.7%) was significantly elevated relative to cells under normal conditions (control; 100 ± 0.0%). AKE (100 g/mL) significantly reduced this hyperglycemia-induced elevation in MMP-2 activity (87 ± 19.8%) (Fig. 4D) . Similarly, active MMP-9 amounts were significantly elevated in hyperglycemic cells (170 ± 13.2%) compared to normal cells (control; 100 ± 0.0%) and this elevation was significantly reduced by AKE (100 g/mL; 119 ± 5.1%) (Fig. 4E) .
Discussion
Our findings demonstrated that AKE protects against impaired wound healing induced by hyperglycemia.
The skin is the first barrier of defense in our body and protects the body from various harmful agents including chemicals and microorganisms. When the skin barrier is destroyed by a wound, the skin repair process, including reepithelization, spontaneously occurs to protect from microbial infection. 8 Generally, there are two types of DM, type 1 diabetes mellitus (T1D) and type 2 diabetes mellitus (T2D). In T1D, insulin is not secreted because of numerous reasons such as autoimmune diseases and viruses. Alternatively, in T2D, insulin is secreted but presents reduced activity. Blood glucose levels are elevated in patients with either T1D or T2D, resulting in delayed skin wound healing. 4 Wound healing is a complex and dynamic process which can be divided into three phases: the inflammatory phase, proliferative phase, and remodeling phase. 8 Of these phases, it is well known that re-epithelization is involved in the proliferative phase of wound healing. [14] [15] [16] In the present study, our in vivo results exhibited that hyperglycemia impaired the wound healing process on the backs of rats, while AKE accelerated the wound healing process. Consistent with the in vivo results, we observed that hyperglycemia delayed the migration of keratinocytes and AKE reversed this phenomenon. These results reveal that hyperglycemia negatively affects the wound healing process and AKE may improve the wound healing process during hyperglycemia. Additionally, re-epithelization is affected by the proliferation and migration of keratinocytes. 8 We observed the effects of AKE on HaCaT cell migration and proliferation during hyperglycemia. However, AKE was not able to increase cell proliferation (data not shown). These findings indicate that AKE has a protective effect on re-epithelization by improving migration but not proliferation.
MMPs have a different role at each phase of wound healing process. 17 In the inflammatory phase, MMPs remove temporary ECM and damaged proteins. During the proliferation phase, MMPs break down the capillary basement membrane to promote cell migration and angiogenesis, and in the remodeling phase, they have a role in remodeling and contracting. In addition, it is well known that MMPs degrade or cleavage ECM proteins. Among the MMPs, MMP-2/9 (gelatinases) are particularly involved in the wound healing process as ECM degraders. 17 Hence, in the present study, we examined whether AKE inhibited the expression and activation of MMP-2/9 under hyperglycemic conditions. Our results showed that the expression and activity of MMP-2/9 were elevated and skin tissue thickness was reduced under hyperglycemic conditions, and that AKE attenuated skin tissue degradation. In addition, we demonstrated that AKE decreased hyperglycemia-induced increase in MMP-2/9 expression in the skin and MMP-2/9 activity in keratinocytes. These findings show that AKE exhibits significant anti-MMP activity and thus is a potent therapeutic agent for MMP-mediated diseases.
AKE consists of two major compounds, chlorogenic acid (12.4 ± 0.22 mg/g) and 3,5-di-O-caffeoylquinic acid (22.5 ± 0.51 mg/g), as described in our previous study. 10 These compounds have therapeutic effects against diabetic complications such as diabetic retinopathy. 10 Specifically, several studies have reported that chlorogenic acid has a protective effect on skin wound healing in DM. 12, 18, 19 To our knowledge, no study has reported the effects of 3,5-di-O-caffeoylquinic acid on diabetic wound healing. From these reports, it can be hypothesized that the effects of AKE on wound healing can be attributed to chlorogenic acid that is major active compound in AKE. Further study is needed to investigate this hypothesis, as this study was limited in its ability to elucidate whether chlorogenic acid in AKE could improve the wound healing process.
Chlorogenic acid, protective agent for skin wound healing in DM, is the major phenolic compound found not only in coffee and various fruits 20 but also in AKE (extract from plant). As in the case of AKE in this study, in addition, it has been reported that plant extracts in several studies, including Morinda tinctoria Roxb leaves, Ipomoea carnea Jacq., and Acanthus polystachyus Delile, exert protective effects on wound healing. [21] [22] [23] These may reveal that AKE may be a potent therapeutic extract for wound healing as other extracts from plants.
In conclusion, we demonstrated that the AKE improved wound healing through the promotion of accelerated keratinocyte migration. Our findings also show that AKE protected against skin tissue disruption in the wound area by inhibiting the expression and activity of MMP-2/9. Therefore, we suggest that AKE has potential as an antidiabetic compound and promotes diabetic wound healing. The consumption of AKE may also offer clinical benefits to improve wound healing process.
